Background: Animal welfare organizations, in order to increase dog adoptions and reduce euthanasia of homeless dogs, are transporting large numbers of dogs from state-to-state. Only approximately 1/3 of animal welfare organizations reportedly test for heartworm infection, treat, or provide heartworm prevention prior to transporting dogs. The reported prevalence of heartworms in dogs in animal shelters or rescued following natural disasters ranges between 14.6-48.8%. This analysis was conducted to evaluate the correlation between dog importation and heartworm prevalence in dogs in Colorado. 
Background
Rescue organizations in the USA transport dogs interstate from areas where high numbers of stray animals are found into areas where these groups believe dogs have a better chance at being adopted. These organizations also provide important rescue and relocation services during severe weather emergencies like hurricanes and floods.
A recent news report suggested nearly 30,000 dogs were imported into Colorado in a single year, primarily from the southern USA [1] .
Infection with heartworm (Dirofilaria immitis) is relatively common in dogs from animal shelters and in dogs rescued from tornado and hurricane disasters in heartworm endemic areas. Heartworm disease, caused by D. immitis, can be difficult to detect prior to transporting dogs since the antigen and microfilaria tests utilized for detection depend upon the presence of adult worms,
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Parasites & Vectors *Correspondence: drake_jon_j@elanco.com Elanco Animal Health, 2500 Innovation Way, Greenfield, IN 46140, USA whereas infection can exist up to five months before adults are present. Testing dogs with infections less than six months of age will typically result in negative tests despite the presence of immature worms. Prevalence estimates in studies carried out during 2005-2018 range between 14.6-48.8% of dogs based on positive tests for D. immitis [2] [3] [4] [5] [6] . For example, a recent study in Mississippi including 363 dogs from 18 shelters in 17 Mississippi counties detected 34.4% and 22.6% samples positive for D. immitis antigen and microfilaria, respectively [6] . Another study showed 48.8% positive tests in 1958 dogs rescued and relocated from the Gulf Coast following the hurricanes in 2005 as tested by 141 animal welfare groups in 37 different states in the USA and Alberta, Canada [2] . A recent survey of rescue organizations reported that only 35.2% test, treat, or provide prevention to dogs for heartworms prior to transfer to a new facility [7] .
In September 2018, Hurricane Florence struck the east coast of the USA. Just days prior to the hurricane making landfall, a dog rescuer made the news for gathering unadoptable dogs, including "the ones with heartworms", from shelters, with plans to transport the dogs to other locations across the country [8] . Additional groups have also begun relocating dogs from North Carolina and South Carolina to other parts of the USA, including Connecticut, New York, Ohio, Pennsylvania and Washington D.C. [9] [10] [11] . Recent studies have identified an increasing prevalence of heartworm positive dogs across the USA, with some of the highest percentage increases occurring in states with historically low heartworm prevalence [12, 13] . This study was conducted to evaluate the changes in heartworm positive test rates in relation to the documented importation of dogs into Colorado during 2013-2017.
Methods
The Companion Animal Parasite Council (CAPC) has compiled data on canine heartworm antigen testing based on antigen test results from two diagnostic laboratories (IDEXX Laboratories and ANTECH Diagnostics). These two labs conduct and provide results to CAPC for approximately 30% of all heartworm tests performed in the USA, with the results of more than 10 million heartworm tests reported in 2017 alone [14, 15] . The CAPC website provides monthly and yearly data on heartworm testing summarized by state and county via interactive maps from 2012 onward [15] . These data included the total number of tests reported, the number of heartworm-positive tests, and the percentage of positive tests for each county. The countyspecific percentages of positive values are used here as estimates of the prevalence within the indicated counties in Colorado. Taken collectively, the total numbers of positive tests and numbers of tests conducted were used to estimate the overall prevalence of heartworm (HW) disease in the state. In particular, the yearly prevalence was estimated by dividing the total number of positive tests reported by the total number of tests conducted. Graphical displays corresponding to maps with counties delineated were created to display the yearly prevalence estimates on a county basis. These estimates were restricted to counties where at least 50 tests were reported, and these were calculated as the ratio of the number of positive tests to the number of tests reported for individual counties. No adjustment for countylevel dog populations was incorporated. An underlying assumption was that the dogs that were tested constituted a representative sample of the dogs in the individual counties. In addition, the relative proportion of dogs tested was assumed to be similar among all counties reported. After compiling statewide estimates of canine heartworm prevalence by year, changes in yearly prevalence were calculated relative to 2013 as the baseline year. The CAPC website states that map data serve as a strong representation of area parasite activity [14] . CAPC also cautions that the data in the maps do not represent the total number of tests performed. Based upon the large number of samples obtained annually, we consider the data to be representative of the situation regarding canine HW testing and prevalence rates within Colorado. Total canine heartworm test results were obtained within the state of Colorado from the counties for which test results were available. With 2013 as the baseline year, changes in heartworm prevalence for each year were calculated from 2014 to 2017.
Statistical data regarding the transportation of dogs into Colorado by more than 130 different shelters and rescue organizations were obtained on an annual basis for 2014-2017 from the Colorado Department of Agriculture [16] [17] [18] [19] . Using a linear regression model, the annual prevalence in Colorado was examined as a function of the number of dogs imported and years since 2013. Similarly, the change in percent prevalence in Colorado was examined as a function of the number of dogs imported, adjusted for the national prevalence.
Several of the largest Colorado organizations were contacted in order to gather more details regarding the originating states from where dogs were imported.
Population statistics including the number of households within Colorado were obtained from the US Census Bureau [20] . The number of dogs in Colorado was estimated using the following formula, provided by the 
Results
According to the United States Census Bureau, there were 2,051,616 households in Colorado 2012-2016 [20] . Using the formulas for estimating dog populations provided by the AVMA, there were approximately 1,198,143 dogs in Colorado in 2016.
According to the CAPC map data, approximately 10 million tests were performed in 2017 on an estimated population of 70 million dogs, representing 14.3% of dogs tested for heartworms in the USA. In Colorado 171,208 tests were performed in 2017 on an estimated population of 1.2 million dogs, representing 14.3% of dogs tested for heartworms.
Documentation related to importation of dogs from out-of-state sources was available from 37 of 64 Colorado counties (58%). For the remaining 27 counties (42%), no documentation related to dog importation was available.
For 28 of the 37 counties (76%) with evidence of out-ofstate dog importation in one or more years during 2014-2017, there was also consistent availability of heartworm testing data within the CAPC maps for each year examined during 2013-2017. Only three of the 27 counties (11%) without documentation related to importation of out-of-state dogs had consistent availability of heartworm testing reported within the CAPC maps for each year.
From 2014 through 2017, more than 114,000 dogs were imported into the 37 counties in Colorado with 24,278, 28,147, 29,908 and 31,707 imported from out-of-state in 2014, 2015, 2016 and 2017, respectively. The number of dogs imported from out-of-state sources for 2014-2017 is reported in Table 1 . Considering the estimated dog population of Colorado (1, 198 ,143 dogs), documented imported dogs potentially represent 2.0-2.6% of the entire dog population of Colorado each year, assuming all imported dogs survive and have been properly reported by all shelters and animal welfare groups throughout the state. Three of the larger organizations in Colorado responded to requests for details regarding the source of imported dogs. The state representing the source of the greatest number of imported dogs was New Mexico, accounting for just over 30%. Nearly half (49%) of the dogs imported by these three groups came from either Texas or Oklahoma (Table 2) .
During 2014-2017, the number of dogs imported into the 37 Colorado counties increased from 24,278 to 31,707 (30.6%) ( Table 3) . Based on the CAPC data, heartworm prevalence in Colorado in 2013 was 0.50%. This remained stable in 2014 at 0.50% and then rose annually in 2015, 2016 and 2017 with prevalence estimates of 0.71%, 0.78% and 0.84%, respectively (Table 4 ). The total number of tests reported, number of positive heartworm tests reported, and the percentage of dogs testing positive for heartworm infection from Dirofilaria immitis for each Colorado county are provided in Table 5 . This increasing rate of heartworm prevalence was similar, albeit higher, to the increase nationwide; however, it represents an overall increase in heartworm prevalence for Colorado in 2017 of 69% when compared to 2013-2014 (Table 4) , which is substantially higher when compared to the corresponding USA change of 21% (Fig. 1) . The average annual increase in prevalence was estimated via linear regression to be 0.097 (SE 0.017) for Colorado and 0.056 (SE 0.002) for the USA (R 2 = 0.92 and > 0.99, respectively). When considered as a function of the number of dogs imported annually, after adjusting for the US prevalence, prevalence in Colorado increased by 0.067 (SE 0.0003) for each thousand dogs imported (P = 0.0025). Maps of Colorado for the years 2013-2017 show increasing overall prevalence in most of the counties (Fig. 2) . In viewing prevalence estimates for individual counties, where at least 200 tests were reported, Fig. 3 depicts a slight positive association between county-specific HW prevalence and number of dogs imported. Similarly, Fig. 4 shows a discernable increasing trend in percent change since 2013 in countyspecific HW prevalence estimates. One point of 713% is not shown due to a low number of positive test results and scaling of the plot in Fig. 4 . Notably, 14 of 15 times a county imported greater than 2800 dogs from out-ofstate in one year, the county heartworm prevalence rose relative to 2013 levels (Fig. 4) .
Discussion
Colorado has historically been an area of relatively low heartworm prevalence. The prevalence of heartworms in Colorado rose at greater than 3-fold the national average during the observation period, rising from 0.5% in 2013 to 0.84% in 2017, an increase of 67.5% in just four years During that same time period, the prevalence of heartworms in the USA has risen by 20.7%.
Based upon the number of heartworm tests reported and the calculated dog population, the rate of heartworm testing in Colorado (14.3%) appears to be equal to the national rate of testing in the USA (14.3%). The total heartworm tests performed in the USA or Colorado are not available. ANTECH Diagnostics, Inc. and IDEXX Laboratories, Inc. test results reported through CAPC maps represent about a third of the tests performed.
Only about 35% of animal shelters and rescue organizations tests, treat or provide heartworm prevention prior to transporting dogs. Complicating the situation even further, it takes 6-7 months for a dog to become heartworm antigen-or microfilaria-positive following infection. With more than 114,000 dogs imported into Colorado from 2014 to 2017 from out-of-state by over 130 animal shelters and rescue groups, pet owners and veterinarians in these areas, or similar areas with historically low heartworm prevalence, may not be adequately aware of the parasitic risks posed by imported dogs.
Data from three of the larger organizations importing dogs in Colorado showed nearly half of the dogs originate from Oklahoma and Texas (Table 2 ). According to the CAPC maps for 2017, 2.2% of dogs in Oklahoma and 3.45% of dogs in Texas tested positive for heartworm [22, 23] . The prevalence of heartworm in Oklahoma and Texas was 3-4 fold higher than the prevalence of heartworm in Colorado in 2017 [24] .
Colorado counties with consistent reporting of heartworm testing data also tended to be counties with documentation of dog importation. A total of 27 counties have no importation data reported. This may be due to the lack of shelters and animal welfare groups importing dogs in these counties or may be due to a lack of reporting by groups in these counties. This may be related to overall county population, easy access to veterinary services and the number of animal rescue groups located within these counties. Additional studies may be needed to evaluate the reasons for availability of data between counties.
The prevalence of heartworm infections in dogs is increasing in Colorado and may be underestimated. In addition to the dogs testing positive for heartworm antigen, some heartworm-infected dogs will be missed if only antigen testing is performed as some dogs may have immature heartworm infections that the antigen tests will not detect, and some dogs will be heartworm microfilaria-positive, yet antigen-negative [25, 26] .
Animal shelters and rescue organizations are not effectively addressing heartworm infections prior to the movement of infected dogs. Many of these organizations also reported moving dogs within the state of Colorado, which could account for heartworm prevalence increases in counties without a group reporting importations [16] [17] [18] [19] . According to three of these Colorado-based organizations, just over 10% of the dogs they receive are from other sources in Colorado (Table 2) . Pet owners and veterinarians in areas with historically low heartworm prevalence need to be extra vigilant when caring for and adopting dogs with an unknown heartworm preventive history especially when imported from areas with potentially higher parasitic infection risks. At least three species of mosquitoes that are competent vectors of heartworm, including Aedes vexans, Culex pipiens and Anopheles freeborni, can be found in Colorado [27] . Aedes vexans is the most commonly trapped mosquito species in Colorado [28] and can migrate long distances towards urban areas and lights [27] . Presence of these competent vectors will allow for continued local transmission of heartworm within Colorado.
The AVMA reports 1.6 dogs per dog-owning household [21] . Dogs living in a home with a heartworminfected dog may be at much higher risk of acquiring heartworms, especially when considering the impact of a heartworm positive dog on the infection rate of mosquitoes, which can be as high as 73.7% inside a kennel [29] . Dogs imported from areas with a higher prevalence of heartworms should be tested, started on heartworm prevention, and regularly re-tested to rule out the presence of pre-existing infestations.
Conclusions
Veterinarians in Colorado should no longer base heartworm testing and prevention recommendations on only historic heartworm risks and prevalence. Heartworm prevalence in Colorado rose 67.5% from 2013-2017. Veterinarians and pet owners in areas with historically low heartworm prevalence should reevaluate the increasing risks posed by heartworms and should follow the testing and prevention guidelines provided by organizations like the American Heartworm Society and the Companion Animal Parasite Council [26, 30] . While animal shelters and other animal welfare organizations provide important rescue and relocation services, relocated dogs may be introducing higher risks of parasitic diseases. Repeated heartworm testing and movement restrictions should be considered for dogs originating from states with a high prevalence of D. immitis in order to reduce the spread of parasitic diseases. Imported dogs initially testing negative for the presence of adult heartworms should be re-tested six months later as antigen tests are not reliable at detecting immature infections. Further research regarding the 
